Palygorskite, a fibrous clay mineral, is being used as a substitute for asbestos in some applications. Nine specimens obtained from different geological locales were studied for mineral purity, elemental composition, fibre size distribution, and surface binding characteristics. The membranolytic activity of each was determined using a human erythrocyte model. The membranolytic behaviour and surface binding characteristics were compared with three chrysotile specimens employed as positive controls. The palygorskite specimens derived from the different geological locales display a range of physicochemical properties. This study shows the importance of selecting several mineral specimens for a health hazard evaluation. The current carcinogenic classification of the mineral may be limited due to the number of specimens used for that particular evaluation.
Concern has been raised about the use of palygorskite, a fibrous clay, as an asbestos substitute.' Limited studies have been carried out on select specimens to determine their biological potential. A comprehensive health hazard evaluation, however, should include a determination of the range of the physicochemical properties of the mineral. Although a mineral name, such as palygorskite, specifies a crystalline structure and a limited elemental composition, the principal determinants of activity of a mineral are thought to be its size dimensions, durability, and surface properties. These properties may exhibit a large range depending on the mineral's origin. The biologically important properties may be altered further industrially by heating, physical manipulation, or chemical treatment. Regulatory agencies frequently set exposure standards after the evaluation of too limited a number of specimens.
Palygorskite specimens from nine different geological locales were selected for study. Three chrysotile specimens, previously studied using in vitro and in vivo methods were selected for comparison. 23 The preliminary results of our findings have been presented at a meeting in Quebec in 1988. 4 Palygorskite is a naturally fibrous clay mineral. The name originates from the Palygorsk Range in the Ural mountains (Novgorod, Soviet Russia) where it was first found in 1861.' Attapulgite, a synonym used for palygorskite, originates from the discovery of the same mineral in Attapulgus, Georgia, USA in 1935. 6 Its structure consists of two facing amphibole-like chains that are linked by octahedrally coordinated cations." These chains are referred to as ribbons, and impart the fibre with structural elements of both chain and layer silicates.
The two chains contribute four silica tetrahedra each to the unit cell structure (fig 1) . Adjacent ribbons share the common oxygen edges of the outermost tetrahedra; the tetrahedra in adjacent ribbons point in opposite directions, and only their bases fall within a common plane. The Ca2" and other cations may be present.7 Potassium is a common minor element in palygorskites and is assumed to be bound at the bases of the silica chain, in the structural channel. The water found in palygorskite has been extensively studied by x ray diffraction, infrared spectroscopy, and by both differential thermal and gravimetric analyses. Natural and deuterated specimens have been examined, as well as specimens subjected to incremental heating.1"01 Hydroxyl groups, chemically bound water, zeolitic water, and surface adsorbed hygroscopic water molecules have been detected (fig 1) .
Materials and methods

ORIGIN OF PALYGORSKITE AND CHRYSOTILE SPECIMENS
The following specimens were obtained from the mineral collection of the American Museum of Natural History (AMNH): palygorskite AMNH Each palygorskite specimen produced a pattern consistent for that mineral. Every specimen also contained some detectable crystalline mineral impurities. Importantly, all contained detectable amounts ofquartz. The Australian, NIOSH A and B, Brazilian, and Russian specimens contained substantial amounts ranging from some 5% to about 50% of the mass of the specimen. The Attapulgus, Georgia specimen contained sepiolite. The carbonate minerals, calcite and dolomite, and other clays were also frequently found (table 1) .
Except for the clays, the mineral impurities tended to form well defined sharp reflections often appearing as peaks emerging from a line broadened palygorskite pattern. For example, the quartz 4-26A reflection (101) emerged as a well defined peak from two broad palygorskite reflections, 4-47A (040) and 4-13A (310), which occur as a single line broadened doublet over the 190-23' 20 region of the pattern.
The peaks attributable to palygorskite in the continuous scan x ray tracing for the Korean specimen gave relatively sharp, intense, well defined reflections compared with the tracings of many other attapulgite specimens (which were extremely line broadened). Transmission electron microscopical (TEM) analysis of this specimen indicated the presence ofshort lath-like fibrils that resembled short amphibole fibres (see fig 5) . Allfigures are at same magnification. Morphology,fibril diameter, and state of aggregation of these specimens are virtually identical.
I q. .--%.. The essential chemistry ofpalygorskite is that ofan aluminium silicate with Mg as its principal cation. Magnesium always dominates over Fe. Potassium and Ca are also present and appear to increase in concentration together, suggesting a common origin. There does not appear to be any correlation between fibre size and elemental composition (compare data in tables 2 and 3) or between elemental composition and membrane activity (compare data in tables 2 and 4).
DETERMINATION OF FIBRE SIZE DISTRIBUTIONS BY TRANSMISSION ELECTRON MICROSCOPY
The size distributions were determined from photographs taken at 2000 x direct magnification and photographically enlarged to 5000 x. Overlapping photographs were taken so that photomontages could be made to allow sizing of long fibres (for details, see Nolan et al.4) Fibres were sized into four different groups: Alyum, 11-5-0pm, 5-1-100pm, and > 10 pm. All sized fibres had an aspect ratio of 3:1 or greater and a diameter of <0 15 pm (table 3; A comparison of the size distributions of the respirable fractions of palygorskite with similar fractions of chrysotile shows them to be very similar.
Both mineral types are constituted of short fibres.
MEMBRANOLYTIC ACTIVITY AND THE EFFECT OF INHIBITORS
The membranolytic activity of the palygorskite specimens varied from inactive for the Korean specimen to highly active (51 (SD 10) pg/ml) for the California specimen. Among the active specimens a factor of almost 15-fold separated the least and most Inhibitor concentration (,ug/ml) Figure 6 Effect of chondroitin sulphate, BSA, and 2-PVPNO on the membranolytic activity ofpalygorskite from Attapulgus, Georgia. The surface properties are similar to quartz rather than chrysotile. active. The three chrysotile specimens had an average HC,0 of 60 (SD 21) ,g/ml that was comparable with the most active palygorskites (table 4) . Among the chrysotile specimens a twofold difference existed between the least and the most active. The inhibitory properties of three polymers, chondroitin sulphate, BSA, and 2-PVPNO on palygorskite membranolytic activity were determined. Over the concentration range studied, only 2-PVPNO exhibited any inhibitory activity (fig 6) . Although not effective for palygorskite, both chondroitin sulphate and BSA would effectively inhibit lysis by chrysotile under these conditions. All of the active palygorskite specimens were inhibited by 2-PVPNO. A concentration of <10 ,ug/ml of Al3" could effectively inhibit 60% of the lysis caused by the most active palygorskite (fig 7) .
Discussion and conclusions
The ratio of different elements present to Si and the continuous scan x ray diffraction characteristics ofthe nine specimens were consistent with the mineral palygorskite. The physicochemical properties of the specimens that impart membranolytic activity (fibre size distribution, surface properties, and mineral purity) varied significantly depending on the geological origin.
The dose is determined by the size distribution, particularly the diameter (length differences of thin fibres contribute very little to the surface area), and density. The diameters of the active palygorskite specimens are similar to the three chrysotile specimens and the density of palygorskite is 5% less than chrysotile. The similarity between the density and fibre diameters indicates that the mass offibre/ml required to lyse halfofthe 1 -8 x 108 erythrocytes/ml, the HCG1, should be similar. The average HC,0 of the three most active palygorskites and the three chrysotile specimens were 70 (SD 17) pg/ml and 61 (SD 21) pg/ml respectively. The third most fibrous specimen from Switzerland was fivefold less active, and this is most likely related to the specimen's surface properties.
The relation between surface properties and fibre size is best understood in the haemolysis assay, of all in vitro methods.'"'9 Although the activities of the chrysotile and palygorskite can be similar, both the surface properties and the mechanisms of erythrocyte lysis are distinctly different. Palygorskite has a net negative charge whereas chrysotile is positively charged. Haemolysis of chrysotile is antagonised by BSA, a net negatively charged protein, and anionic polymers such as chondroitin sulphate. By contrast, palygorskite lysis was inhibited by 2-PVPNO and A13 +, which are the antagonists of quartz and amphibole lysis. 12 1516 Inhibition of palygorskite lysis by BSA and dipalmitoyl phosphatidyl choline (DPPC) has been reported. The concentration of BSA (20% and 80% of the palygorskite mass) and DPPC (50% and 100% of the mass of palygorskite) was much higher than used in the experiments reported here.'0
The Californian palygorskite, which contains the largest percentage of long fibre, was the most membranolytic per unit mass whereas the Korean specimen was inactive and contained the highest percentage of short fibres (tables 3 and 4). The short Korean fibre contains enough surface area, based on its similarity in size distribution, to produce measurable haemolysis at 1500 pg/ml.2" The inactivity of the Korean specimen is most likely related to surface properties and not fibre size.
All of the palygorskite specimens examined contained detectable amounts of quartz as shown by continuous scan x ray diffraction. The presence of quartz is worth noting because of a recent spate of reports indicating it to be carcinogenic in certain animal bioassays (see Saffiotti and Stinson" for a review). The two specimens containing the highest concentration of quartz, Brazil and Australia, were the least active of all the membranolytic specimens (table 4) . Quartz on a mass basis is less membranolytically active than palygorskite.4 " The variation in the HCG, of the other palygorskite specimens could not be clearly related to a mineral impurity.
Morphology and durability are most often considered responsible for imparting a population of fibres with mesotheliomagenic activity.2426 The evidence for this depends mainly on injection and implantation studies because very few mesotheliomas have ever been experimentally induced by inhalation. 27 These experiments indicate that fibres > 8 pm in length and <0-25 pm in diameter often referred to as Stanton fibres are the most potent for inducing mesothelioma. Theoretically the greatest surface area per unit mass is produced by the fibre morphology. The surface area increases as the square of the diameter so that the total surface area is strongly dependent on diameter.'1 This is particularly significant for palygorskite, which tends to form fibres with 0.01 pm diameters. An examination ofthe experience in Paakila where asbestiform anthophyllite produced no human mesothelioma indicates the true upper diameter limit, maybe 0 1 pm.'8 The potential to maximise the surface area per unit mass combined with the difficulty of clearing fibres from the lung may explain the correlation between morphology and induction of mesothelioma. Equally of interest is the diversity offibre types which can induce tumours by implantation or injection, often cited as evidence that fibre surface has little importance in carcinogenesis.
The measurements of fibre length for all the palygorskite specimens indicate that about 1-3% of the fibres are > 5 pm in length and about 0-3% are > 10 pm (table 3) . The three chrysotile specimens contained about 1-3% offibres > 5 pm and 0 4% > 10 pm. The three chrysotile specimens have fibre lengths which fall between the shortest and the longest palygorskite specimens (figs 8 and 9). Absorption granules contaminated with palygorskite or sepiolite have been evaluated using long fibres as an indicator of health hazard potential. '9 3 Fibre specimens containing a similar number of Stanton fibres can have the complete range of activities. Stanton and co-workers reported a 100% tumour probability from the surgical implantation on a pledget, of two tremolite specimens, whereas a talc specimen having twice the number of Stanton fibres as either tremolite specimen produced no tumours. Even with the very high doses used in these experiments, made even higher by pledget restricting the dose to a smaller area of the lung, a simiIar number of Stanton fibres produced completely different results. ' . . . Figure 9 Comparison of the lengths offibres 5S1 pm and > I 0 0m in one palygorskite and three chrysotile specimens (nofibres in this range werefoundfor the shortest palygorskite specimen (from Korea)).
>10-lOOm
fibrous synthetic erionite specimen produced a 5% mortality from mesothelioma. Induction of mesothelioma using inhalation as the route of administration has been criticised for producing too Single mineral types may have both naturally occurring and industrially produced differences in physicochemical properties. Industrially used palygorskites are manipulated to alter their surface properties."7 All the health hazard studies to date have been on naturally occurring specimens, none of which have been reported to be industrially altered. Heating is commonly used in one such modification process. The thermal treatment changes the continuous scan x ray diffraction characteristics. The diagnostic 105A peak when heated decreases in intensity and disappears at 6000.1037
These types ofvariation indicate that the mineral's health hazard evaluation cannot be based on evidence derived from a single source. Experimental carcinogenesis studies of palygorskite specimens from different geological origins have shown a range of activities. The implantation method of Stanton produced few tumours using two samples from Attapulgus, Georgia (table 5) . 24 The size distributions ofthe two Attapulgus specimens were similar to the three reported here (tables 3 and 5). Among four specimens in which carcinogenicities were evaluated by intraperitoneal injection, an Attapulgus specimen again produced few tumours as did a specimen from Mormoiron whereas a specimen from Torrejon induced a significant number of tumours (table 5) .31 A different sample from the same Torrejon geological locale, produced 35% tumours by intrapleural injection and a different specimen from Mormoiron again yielded none (table 5) .839 Specimens from Lebrija produced very few tumours by intraperitoneal or intrapleural injection, although a few were produced by inhalation. The size distributions of the chrysotile specimens were comparable with the three specimens from Attapulgus, Georgia but their carcinogenic activities were very different (tables 3 and 6).
Unfortunately, sufficient amounts of the Torrejon palygorskite were not available for an inhalation experiment. A different palygorskite specimen from Leicester, United Kingdom was evaluated by inhalation and produced three mesotheliomas including one of the peritoneal form in 40 rats. Crocidolite used in that experiment as a positive control produced no mesotheliomas in a similar number of rats. Also, the Leicester specimen on a mass basis produced more mesotheliomas by intrapleural injection than did crocidolite (table 5) . 39 The International Agency for Research on Cancer (IARC) currently classifies the animal experimental data for palygorskite as limited. 37 The data in our study indicate that the IARC classification would be 
